sugar as the raw material in place of petroleum [2] [3] [4] [5] . DuPont's PTT Sorrona fibers are made from PDO derived from renewable corn sugar and fossil fuel derived terephthalic acid. PTT is a semicrystalline polymer which combines the advantageous properties of polyesters and polyamides with main application field in textile industry. Many research groups [3, [6] [7] [8] have shown that the structure of PTT is very different from that of commercially well known aromatic linear polyesters poly(ethylene terephthalate) (PET) and poly (butylene terephthalate) (PBT), although their chemical composition is very similar. Owing to unusual properties such as excellent elastic recovery, high thermal and chemical resistance and dyeability, PTT is now a potential competitor of PBT and PET in textile, packing and engineering thermoplastic markets. Review of literature concerning recent advances in the field of PTT based copolymers [9] [10] [11] , blends [12] [13] [14] and composites [15] [16] [17] shows a evident trend toward the development of such materials. PTT is an important candidate for being compounded with various nanoparticles to further broaden its utility. Significant improvements in ultimate properties have been observed after incorporation of various types of nanoparticles into engineering polymers [18, 19] . In particular, carbon nanotubes (CNTs) due to their relatively high surface to volume and aspect ratios, extraordinary mechanical properties, low density and their superior thermal and electrical properties [20] [21] [22] are recognized as an ideal nanofiller material in structural and functional polymer composites. Introduction of small quantities of CNTs into a polymer matrix can lead to obtain structural composites with high elastic modulus, high tensile and compressive strength and stiffness. The mechanical properties combined with electrical, thermal, optical and many other properties have been extensively investigated by many research groups for wide range of applications [22] [23] [24] [25] [26] [27] [28] [29] [30] . In this work, poly(trimethylene terephthalate)/multiwalled carbon nanotubes nanocomposites were prepared by in situ polymerization method. The effect of carboxy-functionalized multi-walled nanotubes (MWCNTs) concentration on thermal, mechanical, and electric properties of the obtained composites was studied. Here we show that at low loading of MWCNTs it is possible to obtain electrical conductive PTT nanocomposites with improved mechanical properties, and the presence of carbon nanotubes have effect on cold crystallization rate of nanocomposites.
Experimental 2.1. Materials
Dimethyl terephthalate (DMT, Elana S.A., Torun, Poland), 1,3-propanenediol (PDO, Shell Chemicals Europe B.V., The Netherlands), anhydrous N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich), COOH-functionalized multi-walled carbon nanotubes (MWCNTs, Nanocyl S. A., Belgium) with diameter ! 9.5 nm, length < 1.5 µm, and COOH functionalization < 4 wt%, were applied to prepare PTT nanocomposites. Purity of MWCNTs as received was > 97%. PDO was distilled before using. As catalyst the tetrabutyl orthotitanate (Ti(OBu) 4 , Fluka), and as antioxidant the tetrakis(methylene(3,5-dit-butyl-4-hydroxyphenylhydro-cinnamate))methane (Irganox 1010, Ciba-Geigy, Basel, Switzerland) were used as received.
Preparation of PTT/MWCNTs
nanocomposites Nanocomposites containing 0.05, 0.1, 0.2, 0.3, 0.4 0.5 wt% of COOH functionalized MWCNTs were prepared by polycondensation in the molten state. The polymerizations were carried out in a 1L high pressure reactor (Autoclave Engineers Pennsylvania, USA) equipped with a vacuum pump, condenser, and cold trap for collecting the by-products. Before introduction to the reaction mixture the MWCNTs were dispersed in 300 ml of N-methyl-2-pyrrolidone (NMP) using ultra-high speed stirrer and then ultrasound (Homogenizator HD 2200, Sonopuls, Bandelin, Berlin, Germany). Completed time of dispersing was 30 min. During the last 10 min of dispersing time the PDO was introduced into MWCNTs dispersion in NMP. Then the dispersion was introduced into reactor containing melted DMT. The first step of polycondensation, the transesterification reaction, was carried out under a constant flow of nitrogen at 165°C in the presence of catalyst (0.15 wt%) for one and half hour. During the reaction, methanol was distilled off. The conversion of the transesterification reaction was calculated by monitoring the amount of effluent methanol. When the reaction was completed, the thermal stabilizer Irganox 1010 (0.5 wt%) and the second portion of catalyst (0.1 wt%) were introduced to the reactor. Then the reaction temperature was increased slowly to 220°C and the pressure was reduced slowly. When the NMP was distilled off, the reaction temperature was increased to 260°C and pressure reduced below 25 Pa for the 2 nd step of the polycondensation reaction. The stirring torque change was monitored in order to estimate the melt viscosity of the product. All syntheses were finished when melt reach the same value of viscosity at 260°C. The molten composite was extruded from reactor into water cooling bath, and then granulated and dried before processing. At the same conditions the neat PTT was synthesized as reference.
Sample preparation
Dumbbell shape samples of nanocomposites for tensile and DMTA tests were obtained by injection moulding at a pressure of around 50 MPa and at temperature 250°C, into a mould at temperature 40°C. Before tests samples were annealed at 80°C for 8 hours. Amorphous films of about 280 µm thickness for conductivity and dielectric properties studies were prepared by press moulding (Collin P 200E) at 245°C and 15 bar for 2 min and subsequently quenched (250°C/min). Subsequently, circular gold electrodes 2 cm in diameter were deposited onto the surface of the film sample.
Characterization methods
The limiting viscosity number (intrinsic viscosity) [!] of PTT and PTT/MWCNTs nanocomposites was measured 30°C on Ubbelohde viscometer with capillary Ic (K = 0.03294) using a polymer solution of 0.5 g/dl in phenol/trichloroethylene (60/40 by weight). The limiting viscosity number is related to the molecular weight, M v , through the MarkHouwink equation (Equation (1)):
where K and " are constants specific to the solvent and temperature. The viscosity average molecular weight (M v ) of PTT and its nanocomposites was calculated by using constants: K = 5.36·10 -4 dl/g and " = 0.69 available in literature [31] . The measurements of [!] were repeated for some samples, which have been earlier purified by means of the following procedure: PTT/MWCNTs (or PTT) was dissolved in phenol/trichloroethylene (60/40 w/w), then filtered to separate the CNTs. The sample was precipitated by adding methanol and recovered by filtration and again dissolved and re-precipitated twice. Finally, the precipitated solid was dried in vacuum at 60°C for 24 hours. The aim of this procedure was to eliminate the influence of MWCNTs presence on measured [!] values. The melt flow rate (MFR) of all the samples was determined using a melt flow tester (CEAST, Italy) according to ISO 1133 specification, under 21.18 N load, orifice diameter 2.095 mm and at temperature 230°C. The samples before measurements were dried in a vacuum dryer at 60°C for 24 hours. The melt viscosity (!) of the nanocomposites were measured at 240°C on an ARES rheometer (Rheometric Scientific Inc.,USA) at frequency of 1 Hz during 10 min, in a parallel-plate fixture (d = 25 mm) with a gap distance of 2 mm. The calorimetric measurements were carried out by means of a TA Instruments DSC Q-100 (New Castle, DE, USA). Indium was employed for the temperature and heat flow calibration. The heat capacity at each temperature was evaluated with respect to sapphire standard. Weighed (10±0.2 mg) and encapsulated in aluminum pans samples were heated from 20 to 250°C, and kept at 250°C for five minutes and cooled back down to -25 °C, and then measurements were taken over a temperature range of -25÷250°C at a heating rate of 10°C/min, and under nitrogen flow. The glass transition temperature (T g ) was taken as the midpoint of the change of heat capacity increment ("C p /2) associated with the glass-rubber transition. The specific heat increment "C p associated with T g of amorphous phase of semicrystalline PTT, was calculated from the vertical distance between two extrapolated baselines at the glass transition temperature according to the literature [32] . The nominal melting temperature (T m ) was defined as the of peak of the melting endo therm during heating from 25 to 250°C, and the nominal crystallization temperature (T c ) was defined as the peak of the crystallization exotherm upon cooling from 250 to -25°C. The heat of fusion ("H m ) and the heat of crystallization ("H c ) of the crystal phase were calculated from the area of the DSC endo-and exotherm, respectively. The degree of crystallinity, x c , (i.e. the weight fraction crystallinity) was determined according to Equation (2) as the ratio of the integrated heat of fusion "H m value of the sample over the heat of fusion of fully crystalline PTT, i.e. "H m 0 = 145.6 J/g [3, 33] :
The thermogravimetric analysis (TGA) was carried out on a SETARAM TGA 92-16 apparatus. Samples (5±0.1 mg) were placed in alumina crucibles and heated from ambient to 700°C at heating rate of 10°C/min in a 20 ml/min flow of argon or dray air. Dynamic mechanical thermal properties were measured by DMTA Mk-II apparatus (Polymer Laboratories, Church Stretton UK.) using the bending mode at a frequency of 1 Hz, and at a heating rate of 3°C/min from -100 to 250°C. The glass transition temperature was taken as the temperature at the maximum !-relaxation peak of the loss modulus E# and tan # curves [32] . The tensile tests were performed on an Instron 1112 tensile testing machine (Norwood, MA,USA) at room temperature. Tensile examinations were measured on dumbbell samples at a constant crosshead speed of 5 mm/min. Young's modulus, yield strength, stress and elongation at break, were calculated from the stress-strain curves on an average of twelve specimens for each kind of materials according to DIN 53455 standards. The morphology of the fracture surface of composite samples was examined by a JEOL JSM-610 scanning electron microscope (SEM). Samples were fractured at liquid nitrogen and gold sputtered prior to observation. Measurements of the complex permittivity $ * = $$ -%i$#, where $$ represents the permittivity and $# the dielectric loss, of the nanocomposites were performed in the frequency range of 10 -1 Hz<f<10 7 Hz, using a Novocontrol system (Hundsangen, Germany) integrating an ALPHA dielectric interface. Sputtered gold electrodes, 2 cm diameter, were employed to prepare a sandwich type capacitor. The temperature was controlled by means of a Novocontrol Quatro Cryosystem nitrogen gas jet, leading to isothermal conditions within an error of 0.1°C during every single sweep. The dielectric relaxations were empirical described in terms of the Havriliak-Negami (HN) Equation (3) [34] :
where "$ = $ 0 -%$ & is the dielectric strength; $ 0 , $ & are the relaxed and unrelaxed dielectric constant value, respectively; % = 2&f is the frequency; ' HN is the central relaxation time; b and c are parameters that describe the shape of the relaxation time distribution function (symmetric and asymmetric broadening). Obtained values of $#(%) $$(%) were fitted to approximated with Equation (1) . HN curve fits were performed using the WinFit v.2.9 software program from Novocontrol. Alternating current (ac) electrical conductivity measured at room temperature was derived by ((%) = $ 0 2!f$#, where f and $ 0 are frequency and vacuum permittivity respectively.
3. Results and discussion 3.1. Dispersion of PTT/MWCNTs nanocomposites Nanocomposites were prepared by using in situ polycondensation method. The control of the degree of dispersion of the nanotubes in a polymer matrix is difficult because of the strong intramolecular forces that exist between carbon nanotubes which are responsible for the formation of 10-50 nm nanotube bundles. These bundles are difficult to exfoliate since the nanotubes may be hundreds to thousands of nanometers long, disturbing the uniform dispersion of the nanotubes in a polymer matrix [24, 20] . In order to obtain a homogenous distribution of MWCNTs in the whole composite system, the CNTs were mechanically and sonically dispersed in solvent (NMP) and then introduced to the reaction mixture. The presence of dispersing solvent which was distilled off during the synthesis and the presence of COOH functionalized MWCNTs had a slight influence on the syntheses of PTT nanocomposites. In comparison to the net polymer the reaction of polymer chain growth monitored by increase of reactive mixture viscosity proceeded slower and the reaction time lasted about one hour. The highest content of CNTs achieved in the prepared nanocomposites was 0.5 weight%. The introduction of higher content of CNTs was not possible because, the melt does not flow. In Table 1 characteristic temperatures, including the temperature of 2 and 10% weight loss (T 2% , T 10% ) and the temperature at the maximum weight loss rate (T DTG ) of neat PTT and MWCNTs-filled nanocomposites are presented in Table 2 . It is evident that neat PTT and its nanocomposites exhibit one decomposition step in argon and two decomposition steps in air. The study of the thermal decomposition kinetics of PTT [36] have shown that the first step of the decomposition of PTT in both argon and air atmospheres is an overlapping of two decomposition processes. The first process is caused by degradation of the polymer chain implying an end group initiation mechanism affected by the molecular weight of PTT. The second degradation process is mainly caused by the thermal degradation of the products formed during the first decomposition process and it is not affected by the molecular weight (end groups) of PTT. Wang et al. [37] have shown that the first small weight-loss process (weight loss 2-4%) in argon is highly sensitive to molecular weight and the weight loss during this step decreased steadily with increasing molecular weight. These effect is a result of relatively poor thermal stability of hydroxyl terminal groups in PTT which initiate thermal degradation of PTT (especially ester groups). Additionally, Kelsey et al. [38] have shown that the predominant thermal degradation mechanism of PTT and other commercially important aromatic polyesters as PET and PBT is consistent with concerted, electrocyclic oxo retro-ene reaction [39] [40] [41] , sometimes referred to as the McLafferty (ML) rearrangement. Hence, during thermal degradation of PTT one of the two ester groups between benzene rings forms hexatomic ring, and then after ML rearrangement some chain fragments with end-COO group and end-allyl ester group are formed, which are easy to decarboxylation and latter to deesterification under high-temperature condition. In these processes products of thermal degradation of PTT, among others, CO 2 , CO, acrylaldehyde and some fragments such as phenyl-containing chain were indentified [42] . Studies by Wang et al. [36] indicated a three overlapping weight-loss stages for the degradation of PTT in air. During the first process the PTT chains are degraded into smaller fragments by an initial end chain scission. These small fragments during the second processes are oxidized into volatile products. Decomposition of initially stable structures formed in first and second processes forming probably crosslinked residues take place during the third stage of the thermo-oxidative degradation of PTT. According to the Figures 1c-d , neat PTT and all the nanocomposites starts with a first main degradation stage in air at around 335°C independent of the content of MWCNTs. The weak second degradation step in the temperature range 450-600°C (Figure 1d) is due to the decomposition of some thermostable species formed during first degradation step. These may include decomposition of crosslinked carbonaceous structures and also carbon nanotubes. For nanocomposites, the temperature of the maximum weight loss rate (T DTG2 ) at this post-major/ second weight loss step is shifted to higher temperatures. The obtained results show that the thermal and oxidative stability of PTT is independent of the COOH functionalized MWCNT content. These results are in agreement in other researchers [43] observed for PET/CNT nanocomposites which have Figures 2a-d shows SEM micrographs of fracture surfaces of PTT nanocomposites with MWCNTs. As mentioned above, CNTs often tend to bundle together by van der Waals interaction between the individual nanotubes with high aspect ratio and large surface area and lead to some agglomerations, which prevent efficient load transfer to nanotube. Moreover, most of the nanotubes show pulling out and sliding at the surface of nanocomposite, suggesting a limitation of load transfer [44] [45] . SEM analysis of the fracture surfaces of PTT/MWCNTs nanocomposites indicate rather homogenous distribution of carbon nanotubes in the PTT matrix. Individual nanotubes, some entanglements or bundles of CNTs, apparently pulled out from the matrix during fracturing are observed on the surface.
Effect of MWCNTs addition on the
thermal transition of PTT Carbon nanotube functionalization inducing interactions between polymeric matrix and carbon nanotubes can cause changes in the crystallization and melting behavior of the semicrystalline polymer. In many polymer systems after introduction of carbon nanotubes the increase in crystallization temperature, enhancing in nucleation density and in some causes reduction of crystallization time was observed [35, 43, [46] [47] [48] [49] [50] . The effect of the presence of COOH functionalized MWCNT in PTT matrix on the melting and crystallization processes was studied by DSC. Table 3 summarizes data obtained from heating and cooling DSC scans for PTT and PTT/MWCNTs nanocomposites which are presented on Figure 3 . PTT/MWCNTs nanocomposites exhibit a negligible decrease (1-2°C) in the glass transition compared to pure PTT. Nanocomposites with different amount of MWCNTs have very slightly lower values of "C p at T g than neat PTT. Introduction of CNTs can separates the long polymer chain into shorter cooperatively rearranging (CRR) segments [51] . The shift of T g toward lower temperatures can be a result of the higher mobility of these shorter CRR [51] [52] [53] , a three phase model consisting of crystalline, mobile amorphous phase (MAP) and rigid amorphous phase (RAP) was used to describe the structural formation of PTT at various conditions. The RAP exists at the interface of crystal and amorphous phase as a result of the immobilization of a polymer chain due to the crystal. In semicrystalline nanocomposites, the RAP fraction sometimes exists at the surface of nanofillers in the polymer nanocomposites material. Ma and Cebe [53] have used these model in to explain lowering the T g and decreasing degree of crystallinity with the CNTs loading for PTT/MWCNTs (with aspect ratio 36) fibers prepared by electrospinning. They have established that addition of CNTs results in increase in the RAP, which indicates an enhancement in the constrains on the polymer chains in PTT composites nanofibers due to the decrease of chain mobility. Here, the melting temperature and degree of crystallinity of the PTT/MWCNTs nanocomposites (Table 3) are not significantly affected by the presence on the MWCNTs. The degree of crystallinity of nanocomposites increase very slightly around 2-2.6%. Nanocomposites have wider crystallization peak than those of neat PTT, indicating the heterogenous nucleation effect of the CNTs for the PTT matrix. In PTT/MWCNTs nanocomposites, the onset crystallization temperature (T c,on ) increase by about 6-10°C, whereas the crystallization peak temperature (T c ) decreases by about 2-4°C. Usually the lower degree of supercooling reflects higher nucleation and crystallization rates. The PTT/ MWCNTs nanocomposites have a little higher degree of supercooling ("T = 61-63°C, Table 3 ) with the introduction of the MWCNTs in comparison with pure PTT ("T = 59°C). Crystallization of polymer occurs from the alignment of mobile polymer chains. The addition of filler in polymer composites changes the thermal properties of the materials due to the formation of interfacial connections between the filler surfaces and polymer. The connections, which may be physical adsorption or chemical bonding, or a combination of both, restrict the mobility of the polymer chains. Here, the introduced short and thin MWCNTs into PTT matrix are not effective nucleating agent caused the increase of the degree of supercooling. These can be a result of their low aspect ratio or their strong interactions with PTT chains. The topological confinement of macromolecular chains at their interfaces and strong interactions between them can increase of supercooling. Recent study on crystallization behaviour of nanocomposites based on high density polyethylene and CNTs performed by Müller and coworkers [54, 55] have shown that in nanocomposites a competition between super-nucleation and confinement occur. At low contents the nucleation effect dominates. The confinement increases as the nano-filler Table 3 . Thermal properties of PTT and PTT/MWCNTs nanocomposites T g -glass transition temperature; T m , "H m -temperature and enthalpy of melting respectively; "C p -change of heat capacity;T c, on -onset temperature of crystallization; T c , "H c -temperature and enthalpy of crystallization respectively; x c -degree of crystallinity of the sample; "T = T m -%T c -degree of supercooling [43, [48] [49] . Correlation of spectroscopic measurements with DSC have shown that acid treated MWCNTs present in PET nanocomposites not only enhanced crystallinity but also lead to a much better polymer crystalline order [49] . The presence of MWCNTs in PET matrix transforms trans conformers of the noncrystalline phase into crystalline domains with the nanotubes acting as moderate nucleation agents. Xu et al. [50] have studied the crystallization behaviour of PTT/MWCNTs nanocomposites, which were prepared by solution blending. They report that for such PTT nanocomposites the melting temperature and crystallinity were not affected by the presence on the MWCNTs. However, an increase of crystallization temperature and a decrease of the degree of supercooling was observed with increasing nanotube concentration.
Comparison of the results obtained for PTT nanocomposites prepared by solvent blending [50] and those studied here for PTT nanocomposites prepared by in situ polymerization seems to indicate that the preparation method in addition to the type of carbon nanotube can affect the crystallization behavior of PTT.
Effect of MWCNTs on cold crystallization of PTT nanocomposites
In situ real time dielectric isothermal crystallization of amorphous PTT and PTT/MWCNTs nanocomposites at 50°C was monitored by dielectric spectroscopy. Figure 4 shows dielectric loss $# and dielectric permittivity $$ at different crystallization times (t c ) of amorphous neat PTT (a-b) and PTT nanocomposites containing 0.05 wt% (c-d) and 0.3 wt% (e-f) of MWCNTs. The obtained spectra recorded in each sweep (4 min) are representative of an isostructure at a given stage of crystallization because the time scale for a sweep is short in comparison with time scale for crystallization. The initial dielectric spectrum for amorphous neat PTT and PTT nanocomposites shows the typical !-relaxation associated with the segmental motions of the amorphous chains above the glass transition. Regarding the analysis of the dynamics of the amorphous phase during isothermal crystallization, the segmental motions of the amorphous polymer chains are confined between the crystalline regions thus modifying the main !-relaxation. It was established for many polymers, that the occurrence of crystallinity in a polymer affects the segmental dynamics, as characterized by DS, in the following way: i) a decrease of the dielectric strength, ii) a shift of the relaxation rate to lower values and iii) a considerable broadening of the relation function [34, [55] [56] [57] [58] . The dielectric strength of a relaxation process is, in a first approach, proportional to the total amount of relaxing units participating in the process. The decrease of the dielectric strength (reduction of the relaxing material) is caused by crystal formation due to the progressive transfer of the amorphous material to the growing crystalline phase [34, [56] [57] [58] . For neat PTT and PTT/MWCNTs nanocomposites it is observed a decrease in the intensity of the !-relaxation process, characterized by the value of the dielectric loss at the maximum ($# max ) and a positional shift of the maximum of the !-relaxation towards lower frequencies with increasing crystallization time in agreement with previous results [55] [56] [57] [58] . [58] . This effect is a result of the restricted mobility by crystals. As crystallization time increase, the segmental dynamics in the amorphous phase slows down due to an increase of the crystalline phase. PTT nanocomposites containing: 0.3 and 0.05 wt% of MWCNTs shows higher initial (t c = 0) values of their relaxation times than that of unfilled PTT. This effect could be due to a restricted mobility of the polymer chains at the polymer/nanofiller interface where the interactions between PTT chains and CNTs surface can play role. Obviously, this interaction is not present for unfilled PTT. As shown in Figure 6b -c, a continuous change of b and c shape parameters with crystallinity is observed. For neat 
Dynamic mechanical thermal analysis
The storage and loss modulus and the loss factor tan#, determined by DMTA measurements for the pure PTT matrix and nanocomposites filled with MWCNTs, are plotted versus the temperature in Figures 7a, 7b and 7c respectively. It can be seen that magnitudes of the storage modulus and location of the loss peak change significantly for nanocomposites. The addition of MWCNTs to PTT matrix show an influence of the nanotube content on the storage modulus in the glassy region and also in some samples in the rubbery region above the glass transition. For convenience of comparison, data of E$ modulus at 25°C are presented in Table 4 . All nanocomposites have higher values of E$ modulus compared to pure PTT. The highest increase by about of 55% of E$ modulus at 25°C was observed for the sample containing 0.3 wt% of MWCNTs. These changes of the E$ modulus can be attributed to cohesive interactions between the large surface area of nanotubes and PTT [59] . On loss modulus E# and tan # curves (Figure 7b-c) , the two relaxation peaks * and ! are observed. The *-relaxation peak at about -75°C is attributed to the reorientation of the hydroxyl groups and the local motions of the carboxyl groups in the amorphous phase. The !-relaxation peak corresponds to the glass transition of amorphous PTT. Usually for semicrystalline polymers the increasing of the T! and decreasing intensity of of !-relaxation peak is observed with the increase of crystallinity. Tan # is sensitive to all molecular movements occurring in polymer. For nanocomposites, the molecular movement at the interface contribute to the value of the tan # that enables to estimate the bonding between the interphase of the matrix and the CNTs. The normalized tan# peak of nanocomposites (except 0.5 wt%) was narrower than for neat PTT, which can be indicative of changes in the molecular dynamics for the polymer nanocomposites. Independent on the MWCNTs content, the T ! is shifted on tan # curves from 70°C for the neat PTT to 85°C for PTT/ MWCNTs nanocomposites. This can be due to reduction of the mobility of the PTT chains around the nanotubes by interfacial interactions between CNTs and polymer matrix. The values of T g determined form the peak maximum of tan # or E# curves are found to be higher than from DSC data because of the different frequency of perturbation involved in their measurements and sample preparation. Samples studied by DMTA were prepared by injection molding and then annealed at 80°C. As the MWCNTs content increases, the increase of the intensity of *-relaxation peak is observed for nanocomposites. As mentioned above this peak is associated with the motions of the short chin-segments of PTT and is cooperatively related to the glass transition, the increase of these peak associated with this transition can be regarded as evidence for partial activation of PTT chains by the COOH functionalized MWCNTs.
Mechanical properties of nanocomposites
The tensile properties of the synthesized PTT/ MWCNTs nanocomposites are listed in Table 5 The values of elongation at break are higher or comparable to the neat PTT. SEM analysis (Figure 2) have shown that the CNTs are well distributed in the polymer matrix for all concentrations, note that the increase of CNT content does not lead to formation of visible agglomerates (except small entangled CNTs structures) in the bulk volume of the polymer. When two immiscible phases such PTT and MWCNTs meet, the interaction between them occurs at their interfaces. At the interface, the net internal force of each phase is not zero and will lead to the appearance of a tension called interfacial tension. Interfacial tension is somewhat similar to surface tension in that cohesive forces are also involved [60] . However, the main forces involved in interfacial tension are adhesive forces, i.e., tension between phases. 
where $ b is the tensile elongation at break an E$ is the storage modulus determined at 1 Hz and 25°C by DMTA. It can be seen ( Table 5 ) that addition of CNTs reduces the brittleness of the nanocomposites. Brittleness of nanocomposites shows opposite tendency to the tensile strength, i.e. brittleness was found to decrease with the CNTs loading until 0.3 wt%, while at CNTs loading above 0.3 wt% increase.
In recent years, many studies with different focuses on mechanical properties of polymer/CNTs composites have been published. Due to the extraordinary mechanical properties, high aspect ratio and low density, the outstanding potential of CNTs as reinforcements in many polymer composites is evident. For example, the mechanical properties improvement was observed for the polyacronitrile/ CNTs [62] composite fibers containing single wall carbon nanotubes (SWCNTs), double wall carbon nanotubes (DWNCTs) and multiwall carbon nanotubes (MWCNTs). The low-strain properties (modulus and thermal shrinkage) were most improved by SWNT, while the high-strain properties were most improved by MWCNTs. Gao et al. [63] have studied the nylon 6/CNTs composites fibers, which were prepared by in situ ring-opening polymerization of caprolactam in the presence of carboxylated SWNTS. These composites containing 1 wt% of SWCNTs show a 153% increase in Young's modulus and 103% increase in tensile strength. Reinforcement effects were also observed by adding of CNTs in polystyrene [64] , epoxy resin [65] , poly (ethylene oxide) [66] . Nevertheless, for many polymer/CNTs nanocomposites a critical CNTs content in the matrix could be found when the CNT reinforcement effect on randomly oriented polymer/ CNTs composites was studied. Below this content, the reinforcement effect for polymer/CNTs composites increases with increasing CNT content. Above this content, the strength of the polymer/ CNTs composites decreases, and in some cases, even lower than that of the polymer matrix. For example, the epoxy/CNT [67] and polypropylene/ CNT [68] composites shows the critical CNTs content at about 0.5 wt%. At higher CNTs content, the extent of improvement in mechanical properties might be limited by the high viscosity of the composite and by poor load transfer between CNTs and polymer matrix resulted from imperfect dispersion and not completely covered some surface of the CNTs by polymer matrix due to the large specific area of CNTs. As will be noted in many reports, most of randomly oriented polymer/CNTs composites show only a moderate or no strength enhancement, especially for composites containing untreated CNTs, mainly attributed to poor load transfer between polymer matrix and CNTs. Szymczyk et al. -eXPRESS Polymer Letters Vol.5, No.11 (2011) [977] [978] [979] [980] [981] [982] [983] [984] [985] [986] [987] [988] [989] [990] [991] [992] [993] [994] [995] 
Electrical properties
When electrically conducting particles such as carbon nanotubes are randomly distributed within an insulating polymer matrix, the sample is non-conducting, before a critical volume fraction of the conducting phase is reached. This critical value is known as the percolation threshold. In addition, close to the percolation threshold, the electrical properties show a nonlinear (critical) behaviour characterized by small variations in the physical parameters, such as temperature, composition or voltage, result in large variations of electrical properties [69] .The percolation threshold for the electrical conductivity in polymer/CNTs nanocomposites shows the complex dependence on a variety of factors, including nanotube characteristics (aspect ratio, single-or multi-wall), and fabrication/processing conditions, which affect the filler's distribution and orientation and the filler-matrix interactions [70] . Figures 10 and 11 show the alternating current conductivity, at room temperature, as a function of frequency and the conductivity measured at 0.1 Hz respectively, for PTT nanocomposites with different MWCNTs content. At loadings below 0.26 vol%, the PTT nanocomposites exhibit a strong frequency dependence of the conductivity, which is typical for insulating materials. At loadings in excess of 0.20 vol% (percolation threshold), the composites exhibited a conductive behaviour which is nearly independent of frequency. The critical concentration of MWCNTs dispersed in PTT matrix can be estimated on the concept of excluded volume for a system of randomly oriented, nanotubes as capped cylinders by using Equation (5) [71] : (5) where V ex (= 1.4) is total excluded volumes for continuum, randomly infinitely thin rods. The nanotubes were modeled as capped cylinders of radius r = D/2 and length L, in the limit of very high aspect ratio (r/L << 1) [71] . The critical volume percentage of nanotubes was predicted to be 0.434 vol%, which is about one half higher than of the experimental value (0.262 vol%). This results indicate that conductive pathways due to the content between adjacent nanotube are formed at lower content of nanotubes than was predicted. It can be also a result of well-dispersion of short-thin MWCNTs in PTT matrix, because the presence of aggregates usually increase the conductivity percolation threshold.
Conclusions
In situ polycondensation of PDO and dimethyl terephthalate in the presence of carboxylated MWCNTs (with aspect ratio around 158) was carried to obtain the PTT/MWCNTs nanocomposites. The poly (timetylene terephthalates) (PTT), with average molecular weight in range 4.3-3.7·10 4 g/mol were obtained. The melting and glass transition temperatures of nanocomposites obtained by non-isothermal crystallization (DSC results) were not significantly affected by the presence of CNTs. Nanocomposites have slightly higher degree of crystallinity w c 5 12 exp ≥ 2 than pure PTT. The study of the isothermal cold crystallization of amorphous PTT and its nanocomposites monitored by dielectric spectroscopy reveals that the presence of MWCNTs have influence on crystallization rate, especially at higher concentration (0.3 wt%). Dynamic mechanical analysis studies revealed an enhancement of the storage modulus, in the glassy state, up to 55% at an CNTs loading of 0.3 wt%, and for nanocomposites the increase the glass transition temperature about 10-15°C. With increasing of MWCNTs loading from 0.05 to 0.3 wt%, the increase of tensile strength and Young's modulus of nanocomposites was found. All nanocomposites show reduction of brittleness in comparison to as compared to the neat PTT. The electrical percolation threshold was found at an loading between 0.3 and 0.4 wt% of MWCNTs.
